forced by satellite data. The model is then used to calculate surface heat and moisture fluxes over a wide range of scales. Leaf physiology or radiation rate limit (Vrnax0, F0). Vrnax0 is the physiological limit to leaf photosynthesis for the ensemble of leaves at the top of the canopy exposed to the incident insolation; it determines the maximum photosynthetic rate of these leaves under stress-free (stress is defined below), light-saturated conditions and is roughly proportional to the amount of Rubisco (carboxylasing enzyme) or nitrogen in the leaf. Inferior leaves in the canopy have lower nitrogen contents, see Schimel et al. [1991] , Kittel et al. [1990] , and Field and Mooney [1986] , so that the profile of Vma x down through the canopy follows the attenuation of the time-mean (radiation-weighted) PAR flux. This arrangement is optimally efficient in terms of maximizing canopy photosynthetic capacity for a given amount of canopy nitrogen. It also means that all the leaves in the canopy light saturate at the same incident PAR flux (F0) above the canopy, see Sellers et al. [1992] . Below this, canopy saturation values of F0, (F•at), A c, and 9 c are more or less linear functions of F0.
The environmental forcing or feedback factors (B1 through Bo). These cover the effects of the ambient atmospheric temperature, vapor pressure deficit, turbulent transfer conditions, and CO2 concentration on photosynthesis and transpiration; the list can be expanded to include the effect of soil moisture stress. These factors are discussed in full by Sellers et al. [1992] and are reviewed briefly later on in this paper.
The canopy PAR use parameter (II). This is the third term in (1) and is the principal focus of this paper. It is given by the radiation-weighted, time-mean value of FPAR divided by the extinction coefficient for PAR within the canopy, k•.
The photosynthesis-conductance model for a single leaf as proposed by Ball [1988] and Collatz et al. [1991] The value of II varies from zero (if either Vc or Lr are zero) to around two for a dense homogeneous vegetation cover. In the latter case, the area-averaged canopy biophysical rate (Ac or tlc) would thus be roughly twice the mean leaf scale biophysical rate associated with the ensemble of leaves at the top of the canopy, according to (1). It is this parameter II which is amenable to remote sensing. Interestingly, the analysis of Sellers et al. [1992] indicates that while A c and tic are linearly related to II and FPAR in (1), they are neither linearly nor uniquely related to L'r for a given vegetation physiology (Vmax0). Sellers [1985 Sellers [ , 1987 Sellers [1985 Sellers [ , 1987 , Choudhury [1987] , and Hall et al. [1990] ). This condition, which is more or less valid for herbaceous vegetation growing on dark organic soils, means that the observed visible reflectance shows relatively small variations with changes in leaf area index, as specified by the inequality under (6), and so SR is near-linearly related to changes in the near-infrared reflectance, PN-The dependence of PN on total leaf area index, as given by the two-stream approximation model described by Sellers [1985 Sellers [ , 1987 , can then be summarized by SR • pN • Vc(1 -e -2hiLt),
where hi is extinction coefficient for diffuse near-infrared radiation and is equal to (1 -w•)1/2.
Inspection of (4), (6), and (7) shows that FPAR will be proportional to SR if 2hN L T --k•.L T, or
(1 -WN)= [ 2ix (1 --w•).
In (8) we must be careful to specify the wavelength intervals which define WN and w•. In practice, these are functions of the spectral response functions of the satellite or airborne sensor in question, see Sellers [1987, equation (33) 
where ti(y) is a linear function of y, (y) is spatial mean of y over the integrating domain, and s is area. Because of (9) and the fact that the relationships we are dealing with are near-linear, the functions relating A c and tic to SVI should be largely scale-independent.
Given (1) through (9) and the discussion above, we may now write an expression linking the area integrals of the biophysical rates (Ac and tic) to the area-averaged value of where, S is domain of area integration or area averaging, m 2.
[Bi] are environmental forcing or feedback terms; and angle brackets denote area average over domain S. In (10) the subscripted lower case "c" refers to a localscale canopy quantity, on the scale of a few centimeters or meters. The subscripted capital "C" refers to the area integral of the same quantity (divided by the area of integration) over a much larger domain, say, tens to hundreds of meters, equivalent to the sensor field of view of (or the mean of several pixels from) the remote sensing instrument providing the estimate of the SVI. The two quantities on the left-hand side of (12) represent conservative properties of the surface which are dependent on the area-averaged physiology and density of the vegetation cover, that is, on Vmax0 and II. They can be expected to vary on the time scale of changes in the vegetation cover, that is, on the time scale of seasons (phenology) and/or climatic stress (droughts, etc.) rather than days. Most importantly, these quantities should be related to a suitable SVI, subject to the condition in (8), in a near-linear and thus scale-independent fashion. However, inspection of the equation set shows that in order to calculate the instantaneous canopy photosynthetic rate or conductance using the SVI, [19921.
ANALYSIS OF THE FLUX STATION DATA
The FIFE 87 flux station data were analyzed by using a soil-plant-atmosphere model (SiB) in the inverse mode to obtain estimates of Vr (abbreviation for Oti•/OFo) for each station for at least 1 day per intensive field campaign (IFC). As part of the analysis the following tasks were performed:
1. The simple biosphere (SiB) model of Sellers et al. [1986] was modified to operate in the inverse mode; that is, it was embedded within an optimization procedure so that for any given site and day, values of Vr could be derived that would produce the best match between observed and calcu- the aerodynamic resistance network. These fluxes then combine to give an estimate of the total (above-canopy) surface flux which can be compared directly with a flux station measurement. Separate measurement of soil and canopy fluxes is very difficult and was not carried out in FIFE, hence the need for a modeling approach to estimate the canopy contribution to the total flux. Some modifications were made to the original SiB formulation as described by Sellers et al. [1986, 1989] for this application.
1. The second (lower) story of vegetation was omitted. The grass canopy cover was represented by the upper story (subscript "c"); soil fluxes were represented by the ground contribution (subscript "gs").
2. The light-dependent portion of the canopy conductance calculation was replaced by g• = VFF 0, The procedure outlined at the beginning of this section describes the normal operation of SiB in its "zerodimensional" form, that is, separate from a GCM. In this mode all the vegetation parameters are specified a priori, and the model then calculates time series of fluxes. In this study, however, the model is operated in the inverse mode. One or a few parameters are selected for optimization and are initialized to arbitrary values. The model is then run and the used. This data set had all the flux station net radiation values adjusted to a mean standard). All the flux station data collected during the FIFE 87 IFCs were passed through a series of data quality checks with the aim of producing almost continuous records of reliable data for each station for at least 1 day per IFC. This data filtering procedure consisted of the following steps: (1) Exclusion of data taken within 24 hours following precipitation. (2) Exclusion of noisy data: The Bowen ratio flux data often contained large "spikes" near dawn or dusk when the temperature aad humidity gradients were small; these data points were deleted by inspection. (3) Exclusion of data with large gaps: Following steps (1) and (2) above, the data time series was checked for continuity. Time series of data with less than 50% quality-assured values during the daylight hours were dropped from further analysis. The surviving flux station data sets are listed in Table 2a .
Calibration of the Soil-Water Transport and Evaporation Models
The three-layer soil model of SiB was modified for the study. The top layer now consists of a surface layer (0-5 cm), a root zone (a few centimeters thick), and an underlying recharge zone (several centimeters thick). Transport between layers is governed by unsaturated flow equations. There are two problems with using these original formulations for K and rsurf in the current inverse mode work. First, they were developed using a data set collected over an agricultural bare soil site that had very different soil physical 
where W1 is wetness of the (0-to 5-cm) layer. Equation ( 1000 •,,,,,,,,,, '""
•,, "",, 26
. For the optimization/simulation tasks described in this section and later, the calculated net radiation and soil heat fluxes were forced to agree with observations, see Figure 6a , using techniques described by Sellers et al. [1989] . This procedure facilitates the optimization procedure and reduces the effects of possible errors in the canopy and soil radiative transfer calculations due to uncertainties in the surface input parameters (leaf area index, leaf scattering properties, soil reflectance, etc.) listed in Table 1 .
Calculation of Vr for all Flux Stations
The soil moisture model, as specified in (19), was used throughout in the optimization tasks discussed below.
The standard procedure for each flux station was to choose one or more days of data from each IFC, see Table 2 For each run, the observed initial value of W• was inserted into (19) to produce a value of r surf for the day of simulation. Ks was set to the value shown in Table 1 Figures 7b and 7c provide a more graphic illustration of how the two uncertainties appear in the "error space" of the optimization procedure. Note that the contours of the error field are more or less aligned along a valley defined by the shape of the soil surface resistance curve (compare with Figure 5 ). This means that for a given value of rsu• a value of VF can be found (in the valley bottom) that will give an error value close to that of the global minimum. This result makes good sense as soil and plant evaporation rates can compensate for each other to quite a large degree, see Villalobos and Fereres [1990] . The figures also show how each of the two errors discussed above appear in the error space; note that the site 26, day 157, error field is broader than that for site 18, due to a poorer fit of the model to the site 26 data for this particular day.
Review of Calculated VF Values
The Vi, values shown in Table 3 On the basis of the above results some of the derived VF values were dropped from further analysis using the follow- 
COMPARISON OF •7F WITH SVI VALUES AND VEGETATION PROPERTIES (C3/C4 RATIO) Hall et al. [1991] describe how the FIFE 87 and FIFE 89
Landsat TM data were radiometrically rectified to provide a self-consistent series of radiance images that appear to have been acquired through a single reference atmosphere. For the FIFE 87 analyses discussed here, the Landsat scenes closest to each IFC were taken to be representative of conditions for that IFC, see Table Table 4 . In Tables 4a  and 4b the fits were applied independently to each set of station V e versus SVI data. However, it is reasonable to assume that completely dead vegetation has a Ve value of zero and a uniform SVI value over the FIFE area (although burned and unburned treatments might modulate this). Accordingly, in Tables 4c and 4d , the linear fits to the station values were constrained to pass through a best fit common value of SVI (or pivot point) on the Ve = 0 axis. In the rest of this paper the fits shown in Table 4c will be scrutinized as they conform to this general "single-pivot" model and because, for this case at least, the use of SR appears to give a more linear relationship with V e than ND; the mean standard deviation of Ve versus the SVI was 0.382 for SR in Table 4c , as opposed to 0.440 for ND in Table 4d Of the "high-slope" group, site 2 is a managed pasture, and sites 26 and 36 were very heavily grazed in 1987 (T. Seastedt, personal communication, 1991) . The other stations were all less heavily grazed than sites 26 and 36, which suggests that management practice at and around each site may influence the VF versus SR relationship. Table 2c shows the seasonal progression of the percentage of C3 species for each selected station, based on species survey data held in FIS. At many sites there is a relatively high cover fraction of C3 species at the beginning of the growing season which gradually falls off as heat-tolerant C4 species prosper during the summer. Additionally, sites 2, 26, and 36 have high-C3 cover fractions throughout the entire year, probably associated with seeding (site 2) and grazing (sites 26 and 36). C4 species are capable of maintaining a much lower internal CO2 concentration than C3 species (roughly 0.4 as compared to 0.7 times atmospheric CO2 concentration, respectively) which means that for the same area-averaged stomatal conductance and hence transpiration rate, a C4 cover can draw down much more CO 2 than a C3 cover. Alternatively, given the same water resources, water rationing strategy, and meteorological conditions, a C4 cover should support a more extensive canopy or more FPAR than a C 3 cover to give the same value of Table 2c ). Table 2 and initialized and forced with meteorological and soil data, as discussed in section 3. Time series of the calculated fluxes for each day were averaged over the hours specified at the top of Figure 13 ; these time periods correspond to the times when the Twin Otter aircraft (eddy correlation; ABL-6) was operating over the site. These means are compared with the means of the observed fluxes for each station and are plotted against each other as circles in Figure 13 . Several points are apparent from these results. 1. Overall, the simulations reproduce the range of observed fluxes fairly well, see especially the summary figures ("all days-surface stations").
2. For each day the flux station observations of available energy, R n -G (or AE + H for the eddy correlation stations), show a wider range than the SiB calculations. There are two reasons for this: first, the SiB calculations made no allowance for site slope and aspect; second, the forcing downward radiation fluxes were assumed to be uniform over the site in all of the model runs.
3. The day 227 SiB calculations of latent heat flux are higher than the observations. Day 227 immediately followed two days of heavy rainfall and the soil surface was very moist, wetter than any of the test cases used to develop the rsurf formulation of (19). We suspect that the soil evaporation component has been overestimated by the equation ( • 3% for any time period. This result is very encouraging with regard to the utility of coarse resolution satellite data for the accurate calculation of energy fluxes over large areas. It should be remembered, however, that the surface soil moisture field must also be specified at the same scale.
SUMMARY
The relationship between surface conductance (tic) and spectral vegetation indices (SVI) was explored using the FIFE data set, principally the surface flux station data and images from the Landsat thematic mapper instrument. It was found that:
1. The unstressed canopy conductance, ti•, for a given site for a given day was near-linearly related to the incident PAR flux, F0 (see Figures 1 and 2d) . Estimates of ti• were obtained via a model inversion which separated the soil and vegetation contributions to evapotranspiration and made adjustments for the effects of vapor pressure deficit and soil moisture stress. This result can be summarized as (equation (24a)) = VFFo, or where a 3 is a constant and, in this case, V 3 is the percentage cover of C3 species averaged for IFCs 2 and 3. This result follows from the high stomatal conductances of C3 species compared to C4 species.
The above equations were calibrated with the FIFE 87 flux station data to provide a model of canopy conductance which can be driven by remotely sensed data (SR) and some knowledge of the C3/C 4 cover fraction, see (24) and Figure   11 .
The model was used to generate time series and fields of the surface energy balance components on the scale of (1) the surface flux stations (90 x 90 m), (2) the airborne eddy correlation analyses (2 x 4 km), and (3) the entire FIFE site (15 x 15 km) .
In all cases the model appeared to produce results that compare well with the surface and airborne flux measurements. More importantly, the model performance proved to be almost scale-invariant which implies that coarse resolution satellite and meteorological data can be used to calculate fields of the surface energy fluxes. This scale invariance is the result of the linear nature of the biophysical model described in this paper and is supported by the theoretical analyses of Sellers et al. [1992] . However, it should be noted that some knowledge of the surface soil moisture field is also required to complete these calculations. Table 2b to formulate a regression relationship for green leaf area index, see Hall et al. [1990] , which was then used to calculate green leaf area indexes for all the flux stations, see Table lb . KSU staff science members collected green leaf weight, dead leaf weight, and litter weight data for all sites throughout FIFE 87. The dry green and dry leaf weights were ratioed to provide estimates of canopy greenness fractions which were then used to divide the green leaf area index values in Table  lb to yield estimates of total canopy leaf area index, see Table 1 b. The mean ratio of the measured total dry green canopy leaf weight to the derived canopy green leaf area index was used to convert the litter weights to equivalent litter layer leaf area indexes, see Table 1 Table lb were not used for any other purpose in the analysis discussed in this paper, particularly not for the calculation of X7 F values described in later sections. It should also be noted that the surface albedo calculation is relatively insensitive to large errors in leaf area index, see Sellers [1985 Sellers [ , 1987 .
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